The early history of the terrestrial planets was punctuated by a period of heavy bombardment. Frequent large impacts condensed in a short, 0.02-0.5-Ga-long time period resulted in heavily cratered planetary surfaces. In volatile-bearing planetary crusts, each of these large impacts created a volume of hot rock and melt that drove vast subsurface hydrothermal systems. In Mars' basaltic crust, these systems produced a variety of alteration phases, the nature of which we explored with thermochemical modeling. Using the computer code CHILLER, we found a variety of oxides, hydroxides, and hydrous and water-free silicates resulting from the hydrothermal alteration. The main hydrous silicates are serpentine, chlorite, nontronite, and other clay minerals. Some of the resulting assemblages contain up to 15 wt% bound water. Our results constrain the temperature and water rock ratio at the time of alteration and compare well to the mineral assemblages found on Mars by OMEGA (Observatoire pour la Minéralogie, l'Eau, les Glaces, et l'Activité) and CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) and, therefore, provide an interpretative framework for analyzing Martian mineralogy from orbital data. Our results also provide a geological template needed to select landing locations for future missions that search for water and energy sources associated with potential habitats on early Mars.
INTRODUCTION
Analyses of ancient impact breccias (Turner et al., 1973; Bogard, 1995; Cohen et al., 2000) and the cratered surfaces of the terrestrial planets (e.g., Strom et al., 2005) indicate that there was an early period of heavy bombardment that ended at ca. 3.8 Ga and was as short as 0.02-0.5 Ga. These impacts produced hydrothermal systems in volatile-bearing planetary crusts like those of Earth and Mars (Kring, 2000) . Each of these systems was heated by shocked rocks, including any impact melt, and crustal rocks that were uplifted in central peaks and peak rings (Rathbun and Squyres, 2002; Kring, 2005, 2007) . At the Sudbury structure (Ames et al., 1998) , Chicxulub crater (Zürcher et al., 2005) , and elsewhere (Naumov, 2005) , these systems produced alteration assemblages that include phyllosilicates like smectite and chlorite. Similar alteration assemblages have been predicted to occur in the ancient cratered terrains of Mars (Abramov and Kring, 2005) and be rarer in younger, less-cratered terrains, which has since been qualitatively confi rmed by OMEGA (Observatoire pour la Minéral-ogie, l'Eau, les Glaces, et l'Activité) and CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) . To further test the impact-hydrothermal model, we explicitly calculated the chemical evolution and mineral alteration that should have occurred under Martian conditions and compared these results to the specifi c minerals being identifi ed on the surface of Mars Mustard et al., 2008) and implicated as a source for compounds in Martian soils (Allen et al., 1982; Haggerty and Newsom, 2003; Ames et al., 2006) .
METHODS
In impact-generated hydrothermal systems, fl uid fl ow occurs across the entire diameter of a crater, but it is particularly effective in the modifi cation zone, edges of a melt sheet, and within any fractured peak ring or central peak of a large complex crater (Fig. 1 , right side; Abramov and Kring, 2005) . We used a minimum free-energy code called CHILLER . At ~300 °C, assemblage is dominated by serpentine-hematite plus talc (red shaded zone). Zone is shown to fade out as no modeling has been done above 300 °C, and furthermore, fl ow ceases above ~360 °C as rock becomes impermeable. Large green area shows zone in which a clay-hematite assemblage is formed. Clay is nontronite. Below ~50 °C, mineral assemblage is more variable (serpentine-talc-hematite-quartz; light-gray zone). System vents at surface. We have not explicitly modeled vents at surface, but hydrous and/or carbonate minerals likely precipitated there too. (Reed and Spycher, 2006) to calculate the mineral assemblages that may form at various pressures (P), temperatures (T), and water-rock ratios (W/R; taken as mass ratio here) as the systems evolve. CHILLER uses a well-documented and internally consistent thermochemical database of minerals, gases, and aqueous species (Reed and Spycher, 2006 ) that allows calculations from ambient temperature to 350 °C.
Because impact-generated hydrothermal systems can extend to depths of several kilometers, we used a plutonic shergottite (LEW88516) rather than an eruptive lava as the protolith (Table 1) . We modeled an aqueous (rather than carbonic) fl uid having an initial chemistry consistent with the chemistry of LEW88516 and fl uids venting from a terrestrial basaltic terrain (Deccan Trap; Table 1 ). We modeled the system at depth and therefore assume the fl uid does not chemically interact with the atmosphere, consistent with observations at a terrestrial crater (Chicxulub; Zürcher et al., 2005) . Fluids may vent, however, on the fl oor of the crater. As discussed in previous models (Newsom et al., 1996; Abramov and Kring, 2005) , this may generate a lake, but our results do not depend on that surface manifestation. The initial water composition is strongly controlled by rock chemistry, even at W/R as high as 100,000. We model P from values at the near-surface (~10 m, i.e., 1 bar) of Mars to values at 9 km depth (P = 990 bar) with two intermediate steps at 1 km and 5 km. The temperature ranges from 0 °C (or the lowest temperature adequate to the given depth) in steps of 50 °C to a maximum of 300 °C, except when the pressure is too low to prevent boiling at a given temperature.
W/R values refl ect weight proportions of water and rock at specifi c reaction sites; e.g., along fractures and other highly permeable zones. They do not refl ect bulk system W/R. As with any hydrothermal system, alteration is heterogeneously distributed (see Zürcher and Kring [2004] for an impact-crater example, and textbooks [e.g., Barnes 1997] for volcanic examples). Therefore, model W/R values should not be applied to the entire sub-crater-fl oor volume, but rather to local sites within the system.
HYDROTHERMAL MINERALS
Our results ( Fig. 1 , left side; Fig. 2 ) show three main mineral assemblages depending on W/R: serpentine-chlorite-(amphibole-talcmagnetite ± garnet ± quartz) at low W/R, hematite-clay-(pyrite ± quartz ± chlorite) at intermediate W/R, and almost pure hematite at high W/R. Exceptions, however, occur at high temperatures (300 °C) and below 90 °C.
Adjacent to the hot regions of the central uplift and the melt sheet, vigorous upwelling of water is observed ( Fig. 1 ; Abramov and Kring, 2005) . In this region, a 300 °C hydrothermal fl uid at W/R values of 1-30 will produce phyllosilicates (serpentine; 52-57 wt%), mica (chlorite), amphibole (anthophyllite, riebeckite), garnet (andradite), and minor magnetite, quartz, hydroxyl-apatite, pyroxene, and pyrite. Garnet quickly becomes a trace phase as W/R approaches 30. Chlorite is present at low W/R only and is replaced by talc gradually as W/R increases from ~80 to 200. Talc is present at W/R values of ~80-400 over the whole depth range, and the assemblage is somewhat depth dependant but in general contains up to 11 wt% talc, 48-57 wt% serpentine, and 21-45 wt% hematite (at 1 km and 5 km depth) or magnetite (at 9 km depth). At W/R ~1000, the dominant phase is an iron oxide (hematite at 1 km and 5 km but magnetite at 9 km depth) accompanied by serpentine and diaspore. The abundance of iron oxide increases with W/R and eventually dominates the assemblage, reaching >98 wt% at W/R of 100,000. In the zone of hot-water upwelling, close to the central heat source, fl ux rates are high over long time spans (Abramov and Kring, 2005) . Therefore, the mineral assemblage most abundant near the central uplift is the serpentine-hematitetalc assemblage. Interestingly, the abundance of water sequestered by the alteration assemblage is higher (~9 wt% in serpentine-dominated assemblages) at lower W/R values than at higher W/R values (0.02-3 wt% in hematite-diaspore [±serpentine] assemblages).
At intermediate temperatures (300 °C > T > 150 °C; Fig. 2 ), i.e., at some distance from the central heat source or at a later time, the assemblage at W/R ~ 1 is composed mostly of serpentine, chlorite, amphibole (actinolite, tremolite), and iron oxides (hematite, magnetite) with garnet (andradite). Garnet and amphibole disappear quickly as W/R approaches 30. At lower temperatures (~150-90 °C) and W/R <30, the assemblage is serpentine, amphibole, and chlorite. Chlorite disappears at higher W/R, although it is not replaced by talc at any W/R in this temperature interval. At 250-200 °C and W/R >1000, kaolinite is stable in addition to the minerals present at higher temperatures. At W/R ~30-1000, the assemblage is serpentine, hematite, and chlorite (with ~9 wt% bound water), and at W/R ≥1000, the assemblage is nontronite-hematite (with 2.4 wt% bound water). The ratio of kaolinite and nontronite also changes as a function of temperature in this interval, where kaolinite is progressively replaced by nontronite at the lowest temperatures. At very high W/R (~100,000), hematite dominates the precipitates (>88 wt% at all T and P).
As the system cools and temperature approaches the pre-impact geothermal gradient value (65 °C at 5 km depth) (Abramov and Kring, 2005) , talc is stable with chlorite, serpentine, and amphibole when W/R is ~1-30. At intermediate W/R, talc-serpentine-chlorite precipitates at W/R about ~70, and nontronite-hematite precipitates at W/R ~900. If W/R is even higher, hematite makes up more than 60 wt% of the assemblage and is accompanied by chlorite. In addition to the minerals formed, the chemistry of the precipitating assemblage changes. At low W/R, the chemistry of the alteration assemblage is similar to the host rock's chemistry. With increasing W/R, the more soluble ions are taken up by the brine, resulting in a more iron-dominated (and aluminum-dominated) mineral assemblage. Structurally bound water also increases from 0 wt% in the original lithology to 9 wt% and 2 wt% in the alteration assemblages formed with W/R values of ~1 and 100,000, respectively. While these results describe the assemblages at depth, many of the same minerals are found near the top of the hydrothermal system. Within 10 m of the surface (P = 1 bar, T = 90 °C and 50 °C), the mineral assemblage at W/R = 1 is comparable to the lowest temperature assemblages found at depth (e.g., 65 °C at 5 km). At lower temperatures, talc precipitates at low W/R, which is not seen at 90 °C. Over the entire temperature range, nontronite is the most abundant phase in a W/R interval of ~850 to 10,000. At very high W/R (>10,000), hematite dominates at the higher temperatures (90 °C and 50 °C) and goethite dominates at 1 °C.
We modeled the alteration of a plutonic shergottite that contained olivine, pyroxene, and plagioclase (Table 1) . If another starting rock composition is chosen, many mineral products remain the same. For example, if the composition of the Martian dunite Chassigny is used, serpentine is the dominant phase at low W/R, while hematite dominates the remainder of the W/R range. If the starting rock contains more plagioclase (e.g., a Martian basaltic shergottite), chlorite is the dominant phase at low W/R, nontronite occurs at intermediate W/R, and hematite dominates the high W/R assemblages.
DISCUSSION
Based on the thermal evolution of impact-generated hydrothermal systems (Abramov and Kring, 2005) and observations at terrestrial craters (Naumov, 2005) , the history of these systems can be pictured as follows: High temperatures in combination with high water fl ow occur in a small volume enveloping the hot, impermeable melt sheet and uplifted crust in the center of the crater (Fig. 1) . A much larger fraction of the surrounding permeable volume is dominated by intermediate (100 °C to <300 °C) temperatures. This zone moves inward as the system matures (Abramov and Kring, 2005) , thereby overprinting the earlier-formed high-temperature assemblages. Consequently, we expect intermediate temperatures to dominate the mineral assemblages preserved, resulting in the prevalence of nontronite, chlorite, and hematite. As can be seen from Figure 2 , this intermediate W/R assemblage contains up to 50% nontronite, which is a water-bearing phase. If 10% of the subcrater rock is altered to this assemblage, then the altered rock may contain up to 1% water. As discussed in detail previously (Abramov and Kring, 2005) , substantial volumes of these altered systems were available and suitable for biological activity if life existed on early Mars.
In a complex crater, the most intense alteration is expected in the highly fractured central uplift and modifi cation zone because the most vigorous and long-lasting fl ow occurred there (Abramov and Kring, 2007) . Hydrothermal alteration, however, can also occur in a melt sheet after it has cooled to T ~ 360 ºC (e.g., Abramov and Kring, 2007; Kring and Boynton, 1992) . Venting through overlying impact breccias and degassing of ejected material will also lead to overprinting of impact lithologies (Naumov, 2005; Newsom, 1980) . Subsequent geologic processes may excavate, transport, sort, and redeposit these alteration products.
Our model results compare favorably to recent spacecraft observations. The OMEGA instrument detected hydrous assemblages composed of Fe-rich to Mg-rich smectites and montmorillonite . The CRISM instrument confi rmed the presence of smectite and micas (kaolinite, Fe/Mg-smectite, saponite, illite/muscovite, and chlorite) (Noe and also detected hydrous silica , zeolite (Ehlmann et al., 2008a) , and carbonate (Ehlmann et al., 2008b) . The most recent hydrous mineral detected by CRISM is serpentine in Nili Fossae (Ehlmann et al., 2009) .
On Mars, the excavation of hydrous phases by impact craters is observed repeatedly, but it is restricted to the Noachian terrain (e.g., Bibring et al., 2005; Loizeau et al., 2007) . With the resolution of the OMEGA instrument, two observations of possibly pristine phyllosilicates in central peaks and modifi cation zones-the most hydrologically active parts of craters-have been made: In an ~100 km crater, OMEGA detected phyllosilicate occurrences "close to the center of the crater and ... from the crater fl oor up to the southern rim" (Poulet et al., 2008, p. 120) . Another detection of hydration signatures in the central peak area and the crater rim, but also in ejecta, was reported from an ~7-km-diameter crater in the Nili Fossae region . Unfortunately, links between mineralogic signatures and details of the geologic features of the impact craters are limited by the resolution of the OMEGA instrument. In contrast, the high resolution of the CRISM instrument, which is 18 × 18 m per pixel, substantiates the spatial relationship of crater morphology and hydrous signatures (Ehlmann et al., 2008a) . The resolution is suffi cient to show that phyllosilicates and zeolite occur in the central peak, while hydrous silica is found at the base of the peak of a >20-km-diameter crater in the Western Isidis region (Ehlmann et al., 2008a ).
CONCLUSIONS
Our model calculations predict a variety of alteration minerals, e.g., serpentine, chlorite, and the clay minerals nontronite and kaolinite, to be found in hydrothermally altered mafi c Martian crust. These results, when integrated with thermal evolution models (Abramov and Kring, 2005) and observations at terrestrial impact craters (Ames et al., 1998; Naumov, 2005; Zürcher et al., 2005) , indicate that substantial volumes of these minerals were produced at large complex craters and throughout the crust in areas where the cratering density is high. Thus, impact-generated hydrothermal systems may be a major source of hydrous minerals in Noachian terrains of Mars. Initially, these minerals would have been concentrated along fractures and in porous, permeable portions of individual craters (i.e., central peaks, peak rings, and crater modifi cation zones), but repeated cratering and excavation, plus reworking by other geologic processes, will have distributed these phases more broadly through the crust. We note that a similar period of early bombardment and impact-generated hydrothermal systems has been implicated in the early evolution of life on Earth (Kring, 2000; Abramov and Kring, 2005) , suggesting that similar impact-generated hydrothermal sites on Mars may be particularly interesting sites to visit in the future. Gleason et al. (1997) . Sulfur abundance as SO 2 is taken from Dreibus et al. (1992) . Concentration of Ca 2+ deduced from fl uids venting from Deccan basalt units (Minissale et al., 2000) , Fe 3+ , and Mg 2+ are scaled to the elemental ratios of LEW 88516. The relative abundance of the anions is related to the Deccan trap water as well as LEW 88516 (sulfur species) and scaled to charge balance the system.
